In this study, we use first-principles electronic structure calculations to investigate the structural, electronic and magnetic properties of pristine and intrinsic vacancy containing Sr 3 SnO inverse perovskite. The 
Introduction
Technological advances in the eld of electronics have always been stimulated by the discovery of multifunctional characteristics and enhanced performance in traditional semiconductor metal oxides. Among the wide range of semiconductor materials, inverse perovskites have recently gained the extensive fascination of the materials research community owing to their promising role in devices requiring thermoelectricity, 1 superconductivity, 2 spin glass behavior (negative thermal expansion), 3 giant magnetoresistance (GMR), 4 giant magnetostriction effect 5 and magneto-caloric effect 6 capabilities. The most striking feature of some inverse perovskites is the existence of a 3D topological insulator (TI) phase where the bulk of the material behaves as a narrow band gap semiconductor while a conducting nature is achieved at the surface. 7 In addition, inverse perovskites also exhibit dilute magnetic semiconductor (DMS) behavior that combines ferromagnetism (FM) with semiconducting properties. 8 The DMS are an exciting new class of materials which provide magnetic functionalities in electronic devices that can be controlled by means of an electric eld. 9 The presence of above-mentioned functionalities in inverse perovskites make them potential candidates for the realization of quantum computing and high speed spintronic devices. Strontium tin oxide, Sr 3 SnO (SSO), is one such inverse perovskite material that crystallizes stably in the ideal cubic structure (space group # 221, Pm 3m) with a lattice parameter of 5.12Å.
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Although a report on the stable crystallization of SSO in inverse perovskite structure has been present in literature since the 80's, 10 the recent upsurge in research activities related to SSO are due to its promise for combining TI and DMS properties in a single material. 8, [11] [12] [13] Klintenberg et al. performed density functional theory (DFT) based comprehensive computational data-mining of several materials to reveal the topological behavior of narrow band gap SSO.
11 They concluded that the topological behavior of SSO originates from the spin-orbital coupling (SOC) of Sn and the metallic surface states which are comparable to Dirac cones in graphene. On the other hand, experimental investigations carried out by Lee et al. 8 unveiled stable DMS in non-stoichiometric SSO where the origins of room temperature FM originates was assigned to the presence of intrinsic vacancy defects. Owing to topological nature of the SSO, experimental investigations have revealed both semiconducting 8 and metallic 12 nature for this material. Since the assumptive nature of experimental models for the origins of FM in DMS can lead to controversies in assigning the type of point defects responsible for magnetic behavior, 14, 15 it is instructive to explore the origins of FM by means of rst-principles calculations. For example, some recent studies conducted for SSO have considered cation 8 as well as oxygen vacancies 16, 17 to be responsible for the experimentally observed room temperature FM. Keeping this in mind, in the present work we have explored the thermodynamic stability, formation energies of intrinsic vacancy defects and the electronic structures of pristine and defective SSO by means of density functional theory calculations. Our results may prove useful in explaining the origins of the electronic and magnetic behavior of SSO.
Computational details
For exploring the physical properties of pristine and intrinsic vacancy containing SSO we employ the WIEN2k code which utilizes full-potential linear-augmented plane-wave (FP-LAPW) method of DFT for computing the electronic structure of solids.
18 The Perdew-Burke-Ernzerhof generalized gradient approximation (PBE-GGA) parametrization scheme has been used as the exchange-correlation functional.
19 By partitioning the crystal space into non-overlapping sphere and interstitial region, the wave functions, potentials and charge density are expanded spherical harmonically within the non-overlapping muffin-tin spheres of radii R Sr ¼ 1.80 a.u., R Sn ¼ 2.00 a.u. and R O ¼ 1.75 a.u. On the other hand, plane-wave basis set is used in the interstitial region. The electronic structure of pristine and defective SSO are computed with the inclusion of SOC interactions which plays a signicant role in the gapless surface states of SSO.
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The convergence tests for the DFT calculations are performed by systematically increasing the calculations parameters of FP-LAPW method for achieving a precision of AE1 meV per atom in the calculated enthalpies of formation for SSO, SrO and Sr 2 Sn. Based on these tests, we have set the plane-wave cut off (R O K max ), charge density expansion (G max ) and the angular momentum (l max ) to 8, 18 and 10, respectively, for calculations involving all sizes of supercells. Due to deep lying 4p states of Sn, the energy cut-off between valence and core states is set to À7.0 Ry. For the case of bulk SSO the calculations were performed self-consistently with 12 Â 12 Â 12 k-mesh and an energy convergence criteria of 10 À4 Ry, while a k-mesh of 6 Â 6 Â 6 is used for the 2 Â 2 Â 2 supercell. 
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. In order to test the stability of FM magnetic order in non-stoichiometric SSO, the structural relaxation were performed with and without spin-polarization. This allowed us to evaluate the possibility of achieving stable FM in intrinsic vacancy defect containing supercell of SSO. The valid ranges of atomic chemical potentials can be had from Thermodynamic Stability Diagram (TDS). 24 For computing the TSD of SSO, we proceed by assuming that the atomic chemical potentials of the atomic species in their stable reference states are an upper bound to the valid ranges of atomic chemical potentials
With this assumption the values of the atomic chemical potentials of Sn, O and Sr must satisfy
In eqn (2) to (4) 
It is evident from Table 2 that the calculated enthalpies of formation agree well with available experimental data. Since the sum of enthalpies of formation of SrO and Sr 2 Sn is greater than the enthalpy of formation of SSO, the process of creation of SSO is exothermic and supports the stable formation of this material in an inverse perovskite structure.
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With the help of the calculated enthalpies of formation listed in Table 2 , we have computed the TSD of SSO which is shown in Fig. 1 . In the TSD, the region enclosed by points A-B-C-D represent thermodynamically stable SSO without the formation of secondary phases Sr 2 Sn and SrO. Both points A and B give us the Sr-rich condition, while points C and D satisfy the Sn-rich condition. The Sr-poor and Sn-poor conditions are satised at point D and point A, respectively. On the other hand, the oxidation (O-rich) and reduction (O-poor) conditions are satised at point D and B, respectively. The stability points shown in the TSD provide us the valid ranges of atomic chemical potentials (Dm Sn , Dm O , Dm Sr ) which dictate defect formation energies of intrinsic vacancy defects in SSO.
3.2. Isolated intrinsic vacancy defects in Sr 3 SnO 3.2.1. Atomic structure, bonding properties and defect formation energies. The inverse perovskites have a cubic structure with the metal-atoms and oxygen atoms occupying atomic sites in such a way that each oxygen atom is surrounded by six strontium atoms in an octahedron environment. On the other hand, twelve strontium atoms form a cuboctahedron environment around a tin atom. 30 With this coordination environment the balanced charged formula for SSO would be Sr 3
2+

Sn
4À O
2À
, which shows an unusual 4À oxidation state of Sn that belongs to group 14 elements. 12 To elaborate on the bonding properties of pristine and intrinsic vacancy containing supercells of SSO we have computed the effective Bader charges (e) of Sn, O and Sr as well as the electronic charge density plots. 31 In case of bulk SSO, the effective Bader charges of Sn, O and Sr are found to be À2.330 e, À1.512 e and 1.282 e, respectively. From these values it is conrmed that in SSO, Sn is indeed in the negative oxidation state. Since effective Bader charge of Sn shows larger deviation from its ionic limit (À4 e) as compared to the deviation of O atom, the Sn and Sr atoms in SSO are bonded together by a strong covalent bond.
In its pristine form, the Sr-Sn, Sr-O and Sn-O bond lengths of PBE-GGA optimized cubic unit cell of SSO are found to be 3.664 A, 2.591Å and 4.487Å, respectively. When an atomic site is vacated in the 2 Â 2 Â 2 supercell of SSO, the minimization of internal forces causes changes in the atomic positions of the atoms surrounding the vacant site (Fig. 2) . In the present work we have performed force minimization of intrinsic vacancy defect containing supercells of SSO with and without spin-polarization. Comparison of the non-magnetic (NM) and FM calculations only show signicant differences in the calculated total energies, charge densities and structural properties for the case of Sn vacancy containing 2 Â 2 Â 2 supercell of SSO. On the other hand, the relaxation of internal parameters for NM and FM cases of O and Sr vacancy containing 2 Â 2 Â 2 supercell of SSO reveal insignicant differences in the relaxed atomic positions. Since our results predict only the Sn vacancy containing supercell of SSO to be energetically stable in the FM phase (as discussed in next section), Fig. 2 The spin-polarized electronic charge densities of Sn, O and Sr decient SSO are displayed in Fig. 3 . It is evident from these plots that only the electronic charge density of V 0 Sn containing supercell of SSO ( Fig. 3(a) ) shows dependence on spinpolarization. Although both O and Sn atoms are in negative charge state, the charge density at the vacant O site does not show any sensitivity to the application of spin-polarization. Similar behaviour is evident for Sr decient SSO (Fig. 3(c) ) where equal charge localization is seen for both majority spin and minority spin channels. The effective decient SSO results in a defect level populated by equal number of majority and minority spin charge carriers between the valence band maxima (VBM) and the conduction band minima (CBM) of bulk SSO. On the other hand, the effective The evaluation of defect formation energies, U(X), by DFT in a supercell geometry has developed into useful tool to predict the equilibrium concentrations of extrinsic and intrinsic point defects and defect complexes in semiconductors. 33 The defect formation energies for Sr, Sn and O vacancy defects in SSO have been computed using the following equation 34 UðXÞ ¼ E t ðXÞ À E
The rst and second term in eqn (9) are the minimum total energies of structurally optimized SSO supercell containing a vacancy defect of type X (where X ¼ Sn, O and Sr) and pristine SSO, respectively. The last term, m x , represents the atomic chemical potential limits of atom X that vary according to the chemical coordinates shown in Fig. 1 .
The calculated defect formation energies for V O at these points. On the other hand, Sn vacancy assumes a formation energy less than the Sr vacancy at point A, which is the Sn-poor condition. This shows that under the Sr-rich condition, anion vacancies can be achieved relatively easily as compared to Sr vacancy. At points X, C and D U(Sr) is found to be less than both U(Sn) and U(O), which suggests easy incorporation of Sr vacancy in SSO at these stability points. The defect formation energies of Sn vacancy is found to be lowest at both points A.
As mentioned earlier, our calculations reveal that only the incorporation of Sn vacancy in SSO leads the system into a FM phase. At a rst sight, this nding may seem contradictory to the experimental observations 16 which suggested oxygen vacancies to be responsible for enhancement of room temperature FM in SSO. Although Lee et al. 16 show that vacuum annealing of SSO lm enhances its FM, the oxygen vacancies are not solely responsible for magnetism in this material. According to bound magnetic polaron (BMP) model adopted in ref. 16 the magnetism in SSO requires oxygen vacancies to generate other vacancy defects (Sr and Sn vacancies) which interact with the host lattice to cause charge redistribution and increase the strength of FM. Comparison of the magnetic properties presented in next section and the formation energies shown in Fig. 4 also support this argument. Since the reduction (O-poor) conditions in Fig. 4 are also highly favorable for tin vacancies, it is likely for SSO to have Sn vacancies according to the BMP model. 35 We have also tested the reliability of the formation energies presented in Fig. 4 by analyzing the effect of the size of the supercell on the calculated formation energies. To do this, we have computed U(Sn) for a single Sn vacancy containing 60-atom 2 Â 2 Â 3 supercell of SSO. A small difference in the calculated formation energies (25 meV) shows that the 2 Â 2 Â 2 supercell of SSO gives reliable account of the relative stability of the intrinsic vacancy defects studied in this work. 
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For practical purposes, the magnetic order of DMS must be retained beyond room temperature. In this regard nonstoichiometric SSO with Curie temperature (T C ) higher than room temperature has been recently discovered with possible applications in spintronic and quantum computing. 8 In Table 4 we present the total, interstitial and on-site magnetic moments (MM) in Sn, O and Sr vacancy containing supercells of SSO along with the difference of minimum total energies (DE ¼ E NM À E FM ) of NM and FM phases. The calculated DE values reveal that only the supercell containing Sn vacancy has stable FM phase, while both O and Sr vacancy containing supercells of SSO are stable in the NM phase. This is also supported by the large total magnetic moment in the cell for the case of Sn vacancy. It is evident from the data presented in Table 4 that major contribution to the MM tot comes from interstitial MM I for both Sn and Sr vacancies. This conrms our earlier observation that Sn vacancy results in charge localization in the area surrounding the vacant tin site.
Contrary to the predictions for the origins of FM in SSO in some earlier experimental studies, 8, 17 our results suggest that both cation (Sr) and oxygen vacancies are not responsible for FM in SSO. A close inspection of the magnetic moments at 1 st and 2 nd NN atoms of the vacancy site show that the total magnetic moment does not reside at the atoms surrounding the vacancy site. Since the anionic nature of Sn in SSO results in different charge localization for majority and minority spin channels, the large total magnetic moment in case of Sn Fig. 4 The calculated formation energies of charge neutral intrinsic vacancies in Sr 3 SnO at the stability points defined in Fig. 1 .
vacancy containing supercell is caused by the spin-polarization of Sr dangling bond with partially lled Sr-4d states.
From the calculated DE listed in Table 4 we can estimate the T C of intrinsic vacancy containing SSO by using the Heisenberg model
In above relation, k B is the Boltzmann constant, while x represents the Sn vacancy concentration in the 2 Â 2 Â 2 supercell of SSO. Using the values of DE listed in Table 4 , we nd that only the Sn vacancy containing supercell can lead to stable room temperature FM in SSO with a T C ¼ 290 K. This agrees well with experimentally observed room temperature FM ordering in SSO. 3.2.3. Electronic properties. The total energy dependent physical properties computed using DFT, such as structural optimization, enthalpies of formation and defect formation energies, are not inuenced by the inclusion of SOC in PBE-GGA calculations. This is due to the fact that the change in calculated total energies resulting from the inclusion of SOC can be divided into purely atomic contributions. 39 Contrary to that, the electronic properties of materials containing heavy elements show strong dependence on SOC. Moreover, the correct choice of the ab initio method used for computing electronic structure of TI materials is also crucial 40 because the topological behavior of such materials originate from the interaction of SOC with the surface states. 41 Since PBE-GGA is not very accurate for a quantitative evaluation of the band structure of semiconductors, 40 we rst investigate whether or not the calculations performed using this functional are qualitatively reliable. For the sake of evaluating the electronic structure of SSO obtained Table 4 The calculated total magnetic moment (MM tot ) in the cell along with the interstitial (MM I ) and atomic (MM X Fig . 5 The energy band structure diagrams of pristine Sr 3 SnO calculated using PBE-GGA (left panel), and PBE-GGA + SOC (right panel). with PBE-GGA + SOC calculations, we compare our calculated band structure with the one computed using screened Coulomb hybrid density functional.
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The le panel of Fig. 5 displays the energy band structure of pristine SSO computed using bare PBE-GGA functional, while the effect of the inclusion of SOC on the PBE-GGA electronic band structure is shown in the right panel of Fig. 5 . When SOC is not taken into account for PBE-GGA calculations, the electronic band structure of SSO shows an energy gap between the VBM and CBM at G-point which is also conrmed by the DOS plots shown in Fig. 6 . However, the most striking feature of the band structure obtained with bare PBE-GGA is the energy bands crossing the E F between G-X and G-X directions. This crossing is a well known shortcoming of bare GGA/LDA band structures for TI materials which can be corrected by the inclusion of SOC.
11, 42 The inset in the right panel of Fig. 5 displays the typical avoided-crossing feature 43 in the band structure of SSO which appears when SOC is included in the PBE-GGA electronic structure calculations. In a recent work, it was reported that the band structure obtained using WIEN2k 12 appears to be substantially different as compared to the one computed using Heyd-Scuseria-Ernzerhof (HSE) functionals. 42 However, it is clear from Fig. 5 that our calculated electronic band structure qualitatively resembles the screened Coulomb hybrid density functional band structure reported in ref. 44 . In addition we also note that the electronic band structure of SSO obtained using WIEN2k PBE-GGA + SOC calculation along M-G-R k-path agrees well with the band structure obtained from full-potential linear muffin-tin orbital method as reported in ref. 11 . It is clear from Fig. 5 that the electronic band structure of SSO computed using PBE-GGA + SOC has an energy band gap of 0.316 eV at the G point. On the other hand, the valence bands crossing the E F around G point and the avoided-crossing supports the idea that SSO lies at the border line between topological insulator and a trivial insulator. 40 Since electronic band structure of inverse perovskites are very sensitive to lattice parameters, we suspect that the choice of lattice parameter and/or the energy cut-off for the FP-LAPW may be responsible for the electronic band structure of SSO presented in ref. 12 . For a further conrmation of bulk TI phase of SSO, we have computed the inversion energy, 40 which is found to be À0.435 eV. Moreover, an analysis of the irreducible representation of eigenvalue for the electronic bands at the G point reveals even (+) and odd (À) parities of the orbitals at the edges of VBM and CBM, respectively. These results conrm the inverted parities of SSO, suggesting the possibility of achieving TI behaviour in this material.
The total density of states (DOS) plots corresponding to band structures shown in Fig. 5 are displayed in Fig. 6(a) . Comparison of the total DOSs indicate that the inclusion of SOC causes the Sn-5p orbitals in the upper valence band to slightly shi away from the E F . The partial DOS plots shown in Fig. 6(b) , reveal that the VBM of SSO is predominantly made up of the Sn-5p states, while Sr-4d states contribute below the VBM. The contributions of Sr-4d states in the valence band reduces around À1 eV where O-2p states become dominant. The lowest edge of CBM, on the other hand, appears to be dominated by a hybridization of Sn5p orbitals and Sr-4d orbitals. This trend changes to a dominant Sr-4d character in the conduction band as one moves farther away from the E F . Fig. 6(b) clearly shows a hybridized pd DOS in the lowest edge of conduction band of pristine SSO which resemble the characteristics of DOS in Sr 2 Sn 44 and conrms the highly covalent bonding nature of Sr-Sn bond in SSO. Compared to the case of bare PBE-GGA, the absence of Fermi level crossing, negative inversion energy and a narrow band gap encourages us to explore the electronic structure of intrinsic vacancy containing SSO using only the PBE-GGA + SOC. Fig. 7 , the delocalization of Sr charge density upon introduction of an oxygen vacancy results in the creation of an occupied defect level between the CBM and VBM which is predominantly made up of Sn-5p and Sr-4d orbitals. The delocalized nature of charge in case of oxygen vacancy defect is, therefore, responsible for equal majority and minority spin carriers, no spinpolarization.
The strong covalent nature of the Sr-Sn bond (as evident from the calculated effective Bader charges) emerges from the p-d hybridization. 45 On the introduction of Sn vacancy in SSO the charge in the defective supercell is redistributed in such a way that it does not undergo delocalization which is commonly observed in anion decient perovskite oxides. This leads to unequal majority and minority spin carriers localized at the dangling bonds of the 1 st NN Sr atoms resulting in a spinpolarized band structure of V 0 Sn containing SSO. This is clearly visible in the partial DOS plots of Sn decient SSO where an occupied defect level predominantly made up of Sr-4d orbitals appears in the majority spin channel, while the same orbital contributions are unoccupied and positioned above the E F for minority spin channel. The spin-polarization of Sn vacancy containing SSO leads to a metallic nature for the majority spin channel, while an insulating character is achieved for the minority spin channel. The spin-polarized electronic DOS of V 0 Sn containing supercell of SSO, therefore, conrms the experimentally observed ferromagnetism in SSO.
Conclusions
First-principles DFT calculations have been performed to evaluate electronic, thermodynamic and magnetic properties of pristine and intrinsic vacancy defect containing SSO. Our calculated thermodynamic stability diagram of SSO shows good agreement with experimental data and provides appropriate limits of atomic chemical potentials of Sr, Sn and O. The calculated formation energies show that O and Sn vacancies have low formation energies under O-poor and Sn-poor conditions, respectively, while Sr vacancy is found to be the most stable form of neutral intrinsic vacancy defect under O-rich condition. We found that Sr and O vacancy containing SSO is non-magnetic, while Sn vacancy containing SSO give rise to stable ferromagnetism. Our results indicate that electronic and magnetic properties of Sr 3 SnO are strongly dependent upon chemical environment which allows tuning these properties during experimental synthesis. The calculated band structure and density of states conrm the topological behavior of pristine SSO, while the calculated values of effective Bader charges reveal ionic and covalent nature of bonding in Sr-O and Sr-Sn bonds, respectively. The Sr and O vacancy containing SSO is found to be non-magnetic, while Sn vacancy containing SSO gives rise to stable ferromagnetism. We shows that the ferromagnetism in Sn decient SSO originates from spinpolarization of partially occupied Sr dangling bond which have a predominant Sr-4d character.
